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Paper number 96JD02197. 0148-0227/96/96JD-02197509.00 gravity wave drag can affect the state of the polar winter upper stratosphere [Hitchman et aL, 1989; Garcia and Boville, 1994] , consistent with the downward control principle [Haynes et al., 1991] . The filtering of gravity waves during sudden stratospheric warmings is believed to be responsible for the associated mesospheric coolings [Holton, 1983; Huang and Smith, 1995] .
Orographically excited gravity wave drag in the lower stratosphere is believed to be important to general circulation of the troposphere and lower stratosphere [Palmer et al., 1986; McFarlane, 1987; Bacmeister, 1993] .
In the extratropical mesosphere, the zonal mean gravity wave force must be decelerative in order to explain the observed latitudinal temperature gradient and zonal winds at solstice seasons.
By using the term "decelerative," we mean the sign of the force is opposite to the zonal mean wind. The magnitude of this gravitywave-driven force has been inferred to peak at -100 m s-1 d-I
[e.g., Holton, 1983; Fritts and Vincent, 1987; Fritts and Yuan, 1989] . The total momentum flux carried by a given source spectrum of waves is also constrained by this method, although the uncertainties in the spectral shape still allow a wide range of possible flux values. 
Observational Constraints
(1) which will give the total zonal momentum force consisting of contributions from both the Eliassen-Palm (EP) flux divergence V°F [see Edmon et al., 1980] and any unresolved zonal forces _'. All other symbols follow the definitions given by Andrews et al. [1987] . This method was used by Shine [1989] 
Gravity Wave Forcing Estimates
Nonstationary gravity wave sources are still poorly described by the observational evidence. Likely sources include convection and weather fronts in the troposphere and regions of shear instability in the jet stream.
Here we make the simplest possible assumption that these sources are uniformly distributed in latitude with a broad spectrum of frequencies and phase speeds and with the same fractional coverages in space and time at each latitude. 
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,oo 2::: ...... These assumptions then isolate the effects of latitude/height variations in the zonal mean wind and stability on the gravity wave forcing estimates. Two existing gravity wave parameterizations will be compared to a more complex calculation using a linear model that realistically accounts for the physics of linear gravity wave propagation and treats the nonlinear effects of wave breaking with a saturation condition. This model is similar to the [1981] parameterization, but it makes fewer simplifying assumptions.
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Linear Gravity Wave Model With Saturation
We first apply the ray-tracing model described by Alexander [1996] Alexander et al. [1995] . A spectrum with 60 discrete waves, isotropic in the east/west direction, was chosen with intrinsic periods ranging from 7 min to 4 hours, horizontal wavelengths from 6.25 to 800 km, intrinsic phase speeds between +70 and -70 m s -1 and vertical wavelengths from 1 to 25 km. The total momentum flux in the source spectrum is +_2.7 x 10 -3 kg m -1 s-2 (including an efficiency factor of 3.0 × 10 -4 ). With this source specified in the middle troposphere at 6 km, vertical velocity amplitudes are all _<1 m s -I at the source level.
The mesosphere results for June are shown in Figure  2 .
A seasonal asymmetry in the magnitude of the drag force in the for long-period, inertiagravity waves by using global cloud variability as a proxy for convective wave sources. Some effects of spectra like these that emphasize the lower frequencies will be discussed at the end of this section. Efficiency factors for these cases are 2 × 10 -4 and 1.8 × 10-4, respectively.
As the source amplitudes increase, the influence of the mesospheric drag gradually descends into the stratosphere, until in Figure  5b , the sense of the gravity wave forcing is actually reversed from that in Figure Figure 4 and A96b from those in Figure 6 . FL93 is Fritts and Lu [1993] . L81 is based on Lindzen [1981] .
Anisotropies and geographical and seasonal variations in gravity wave source properties have not been tested here but could further expand the range of attainable forcing distributions in the stratosphere. The sense of the force in the summer extratropics is nearly the reverse of that in Figures 4 and 6 and of the summer hemispheres in the observations (Figure 1) . The extratropical downward mass flux in the summer hemispheres for these forcing estimates is listed in the third column of Table 1 (labeled FL93). As expected, the flux is opposite in sign to the A96 calculations. Instead, the stratospheric drag from FL93 looks very similar to the large-amplitude calculation in Figure 5b (Table 1, FL93 ).
Changing the characteristic phase speed at the source level c. to much smaller values serves to decrease the magnitude of the gravity wave forcing but has no effect on the patterns of the force distribution or its sign. The value of _, the anisotropy limit in FL93, likewise has no effect. Smaller-energy growth-scale heights, less than 2.3H, do have some effect, although too small to reproduce distributions more like those in Figures 1, 4 , and 6.
The disagreement is likely related to the assumed separability and shape of the gravity wave spectrum in the parameterization.
Both eastward and westward propagating components of the spectrum are assumed to have the same empirically based "saturated" shape (described by the Desaubies spectrum). Relative energies in the east/west components are dependent only on the mean wind shear. This fixes the phase relationship between the gravity wave driven force profile and the mean wind (for a given set of background conditions). In the A96 model, on the other hand (and in the Lindzen parameterization), the phase relationship between the force and the mean wind varies with the wave source amplitudes. The descent of the mesospheric drag with increasing source strength shown in Figure 5 can be understood as a progressive increase in the vertical distance between wave breaking and critical levels as a function of altitude. Waves break close to their critical levels in the lower stratosphere and break progressively farther below them as the spectrum progresses into the mesosphere.
Critical level filtering of the wave spectrum also plays a role;
however, if that were the only process at work, the phase relationship (in z) between the wind and the gravity wave force would be fixed, not dependent on the wave amplitudes as observed here.
The effect is illustrated in Figure 8a . The solid line shows the mean wind profile at 47°S latitude in December. This line can also be thought of as representing a plot of wave phase speed versus critical level altitude. For spectral source amplitudes such as those used in Figure 4 , the waves do not break until fairly close to their critical levels in the stratosphere (dotted line). The spectrum is not separable as assumed by Fritts and Lu [1993] .
Instead, only the low intrinsic frequency waves are saturated.
Conversely, using a source spectrum with 100x larger amplitudes (as in Figure 5b ), most of the waves break in the lower stratosphere (dashed line) so that most of the spectrum is now saturated throughout the stratosphere and looks more like the spectrum assumed in the parameterization. The only partly saturated phase speed spectrum for the lowamplitude case (dotted line in Figure 8a ) is not separable, yet still appears saturated when viewed as a spectrum versus vertical wavenumber only. Figure 8b shows the one-dimensional power spectrum of the horizontal velocity versus vertical wavenumber m for the low-amplitude case in the altitude region between 30 and 40 km. (Note that an analogous, but higher-resolution source spectrum with 900 spectral elements was necessary to produce Figure 8b .) The dashed line in Figure 8b shows the theoretical saturated spectrum N2/(7.5 m 3) [Fritts and VanZandt, 1993] . and the same input spectrum described for Figure 4 . An efficiency factor of 10-4 was applied to calibrate the mesospheric forcing as described in section 3.1.
The stratospheric gravity wave forcing distributions in Figure 9 • model if smaller source amplitudes and lower integrated momentumfluxes arespecified tocompensate forthelower breaking level predictions and lack ofwave reflection.
Discussion and Summary
Zonal mean summertime temperatures in the southern hemisphere lower stratosphere are much warmer than would be expected from an analysis using the radiative forcing and largescale momentum sources only [Rosenlof, 1996] . A small-scale forcing is implied (due to waves not resolved in the NMC and UKMO data) that is an accelerative force throughout most of the summertime stratosphere between the 100-and 1-hPa levels (Figure 1 ). This is a westward force in the summer seasons. Using a linear ray-tracing model with a saturation condition applied wherever wave amplitudes exceed convective instability limits, the transition from this accelerative force in the stratosphere to the decelerative gravity wave force known to exist in the mesosphere (Figure 2 ) is viewed as a gradual increase in the vertical distance between wave breaking and critical levels as a function of altitude coupled to critical level filtering effects on the spectrum. The breaking level evolution with height can be seen in Figure 8a . The differences in the zonal mean shear in the northern and southern summertime hemispheres (Figure 3 ) lead naturally to a prediction of somewhat larger gravity wave forces in the southern summer stratosphere (Figures  4 and 6 ) and, correspondingly, slightly larger downward mass fluxes (Table 1) and higher temperatures in the lower stratosphere. The seasonal differences in Table 1 arise with no differences in the gravity wave momentum flux at the source level.
The lower stratospheric summer temperatures reported by Rosenlof [1996] suggest an even larger summertime asymmetry, which could imply either larger gravity wave momentum fluxes in southern summer than in the north or distinct differences in the shape or anisotropy of the momentum flux spectrum between the hemispheres.
The stratospheric forcing is very sensitive to the amplitudes of the waves at the source, which are directly related to the breaking levels of the waves.
Much larger amplitude waves (with lower efficiency factors) can produce very similar mesospheric drag to that shown in Figure 2 while simultaneously completely reversing the sign of the gravity wave forcing in the stratosphere ( Figure 5 ). The conclusion that the forcing in the summer stratosphere must be accelerative thus imposes limits on gravity wave amplitudes at the source level, vertical velocities all < 2 m s-1 at 6 km for a wide range of different source spectrum shapes.
(Note that mean amplitudes are 0.5-0.9 m s-I). Figure 1 for the winter seasons appears quite noisy because of the importance of the large-scale EP-flux divergence term there, which has large uncertainty.
Thus Figure 1 is not likely to pro- 
